ABSTRACT American beech, Fagus grandifolia Ehrhart, is currently threatened by the insectmediated disease complex known as beech bark disease. The organisms (beech scale, Cryptococcus fagisuga Lindinger, and two pathogenic fungi, Nectria galligena Bresadola and Nectria coccinea variety faginata Lohman, Watson, and Ayers) associated with beech bark disease were assessed using a qualitative rating system and correlated with other biotic and abiotic factors in 10 permanent plots in the Great Smoky Mountains National Park from spring 1994 through spring 1997. Tree mortality, as well as the presence of another scale species [Xylococculus betulae (Pergande)], also were documented and analyzed. During this study, incidence of C. fagisuga and overall tree mortality increased (55.6 Ð 87.9 and 16.0 Ð26.8%, respectively). A forward stepwise logistic regression model selected average overall ratings of C. fagisuga, sum of presence of X. betulae, average presence of. X. betulae, average overall ratings of Nectria spp., maximum presence of X. betulae, sum of south ratings of C. fagisuga, average south ratings of C. fagisuga, and diameter at breast height (dbh) of the tree as signiÞcant variables that best explained mortality of American beech. Pearson correlation analysis showed signiÞcant associations between ratings of Nectria spp. and C. fagisuga from both the previous season and previous year during fall 1996 and spring 1997. Moderate correlations between elevation, as well as aspect, and north, south, and overall ratings of C. fagisuga from fall 1995 to spring 1997 were documented. The signiÞcant association between presence of C. fagisuga and infection by Nectria spp. suggests that control of C. fagisuga could decrease occurrence and slow the spread of beech bark disease. Unless appropriate control and/or management of the disease complex is identiÞed and implemented, mortality of American beech is expected to increase throughout most areas in the Great Smoky Mountains.
AMERICAN BEECH, Fagus grandifolia Ehrhart, is the only native species of beech in forests of eastern North America, where it ranges from Nova Scotia westward to eastern Wisconsin and southward from eastern Texas and Arkansas to northern Florida (Hepting 1971 , Carpenter 1974 . In the southern Appalachian mountains, which contain the Great Smoky Mountains National Park, American beech often occurs in areas predominately composed of beech, with boundaries sharply marked from surrounding forest types that usually consist of red spruceÐFraser Þr, Picea rubens SargentÐAbies fraseri (Pursh) Poiret, or eastern hemlock, Tsuga canadensis L. Carriere (Russell 1953) . These areas are known as "beech gaps" and are considered a rare forest community type (Whittaker 1956, Southern Appalachian Man and the Biosphere 1996) . The production of seedlings via seeds (beechnuts) and root sprouts can produce high densities of beech in beech gaps at higher elevations (Russell 1953, Jones and Raynal 1987) . On south-facing slopes, beech may represent as much as 90 Ð98% of the total basal area of a stand (Bratton 1975) . Unfortunately, the productivity and sustainability of these beech gaps, and American beech in general, in the southern Appalachians are currently threatened by an insect/disease complex known as beech bark disease (Ehrlich 1934 , Houston 1994 .
Beech bark disease is an exotic, insect-mediated fungal disease complex involving beech scale, Cryptococcus fagisuga Lindinger (Homoptera: Cryptococcidae), and two species of pathogenic fungi, Nectria galligena Bresadola and Nectria coccinea, variety faginata Lohman, Watson, and Ayers (Ehrlich 1934 , Lohman and Watson 1943 , Houston 1983 , Kosztarab 1996 . C. fagisuga initiates feeding on the vascular ßuid of the tree by inserting its stylet through the bark tissue and into the cortex and phloem (Ehrlich 1934) . After the scale dies, the feeding wound left in the bark allows the pathogenic fungi to enter and infect the vascular tissue (Ehrlich 1934) . The fungal infection can cause localized death of the vascular tissue, and numerous areas of tissue mortality on a tree cause girdling, which leads to the death of the tree (Ehrlich 1934 , Lonsdale 1980 . In stands where beech is a major component, beech bark disease can cause Ͼ80% mortality of beech trees (Houston 1994) . Thus, beech bark disease has the potential to drastically impact American beech and beech gaps negatively in the Great Smoky Mountains National Park.
The origin of C. fagisuga and beech bark disease is uncertain; however, the insect and disease were Þrst observed on European beech, Fagus sylvatica L., in Europe in the mid-1800s. C. fagisuga, and probably the fungal pathogen N. coccinea, variety faginata, was accidentally imported to North America (probably in the 1880s) on stocks of ornamental European beech (Wainhouse and Gate 1988) . The Þrst observation of C. fagisuga in North America was on European beech in Halifax, Nova Scotia, around 1890 (Ehrlich 1934 , Houston 1994 . During the century that followed, beech bark disease gradually spread southward and was reported in the Great Smoky Mountains National Park in 1993 (Ehrlich 1934 , Mielke et al. 1982 , 1985 , Houston 1994 .
A cooperative long-term monitoring project was implemented by The University of Tennessee and the National Park Service (U.S. Department of the Interior) in 1994 to investigate the effects of C. fagisuga and beech bark disease on American beech in the Great Smoky Mountains National Park. This type of long-term monitoring project is essential to enable scientists and land managers to understand the effects of this disease complex on forests in the southeastern United States. Because of the location of the initial introduction of the disease complex into North America, much of the research on beech bark disease in the United States has been conducted in New England (Ehrlich 1934 , Lohman and Watson 1943 , Houston 1975 , Houston 1983 , Twery and Patterson 1984 , Jones and Raynal 1987 , Houston 1994 , Grove and Houston 1996 , Leak and Smith 1996 , Houston and Houston 2000 , McGee 2000 , Krasny and DiGregorio 2001 , Forrester et al. 2003 , and little is known about its impact on beech in southern forests. The objective of this study was to identify various biotic and environmental factors that may inßuence beech bark disease, Nectria spp., C. fagisuga, and mortality of American beech in selected plots in the Great Smoky Mountains National Park.
Materials and Methods
Establishment of Long-Term Monitoring Plots. Ten permanent monitoring plots were established to assess the temporal incidence and severity of C. fagisuga and beech bark disease on American beech at various locations in the Great Smoky Mountains National Park (hereafter referred to as long-term monitoring plots; Fig. 1 ; Table 1 ). Each plot measured 20 by 20 m after correction for slope using a clinometer and contained at least 20 live American beech trees Ն3.5 cm dbh. The number of American beech trees within each plot varied, ranging from 20 to 77 (mean, 45.5 beech trees/ plot; Table 1 ). Nine of the permanent plots were Table 1 ). The four corners of each permanent plot were marked with 75-cm rebar (painted bright orange to ensure visibility) placed Ϸ30 cm into the ground. In addition to slope measurements, elevation and average aspect of each plot were determined using an altimeter and compass, respectively. Methods used for plot design and data collection followed Durr et al. (1988) .
After long-term monitoring plots were established and delineated, all live American beech trees with a dbh Ͼ3.5 cm in each plot were identiÞed and tagged with an aluminum marker (2.5 by 7 cm) indicating plot number and tree number, and dbh measurements were recorded. Tags were attached to trees using aluminum sinker head nails (55 mm) at a height of Ϸ137 cm. These tags allow the continued long-term monitoring of speciÞc beech trees through the duration of this study.
Assessment of C. fagisuga and Nectria spp. Populations of C. fagisuga and Nectria spp. were assessed by (1) determining percent of all trees infested and/or infected per plot and (2) rating each tree in each plot for presence and density of C. fagisuga and perithecia (fruiting bodies) of Nectria spp. Each plot was sampled twice a year from 1994 to 1997, once in spring/summer and once in fall/winter.
On each sampling date, the number of trees infested with C. fagisuga and infected with Nectria spp. were recorded for each plot. Trees also were examined for another scale species, Xylococculus betulae (Pergande) (Homoptera: Margarodidae). Houston (1975) suggested that, like C. fagisuga, this species can weaken the tree and possibly make it more susceptible to beech bark disease. Incidence of these organisms on each live tree was determined by visual detection of C. fagisuga and X. betulae or perithecia of Nectria spp. Because X. betulae produces a distinctive, long, waxy Þlament, it is easily distinguished from C. fagisuga, which has no Þlament and is covered by a waxy, felt-like secretion (Kosztarab 1996) . A qualitative rating system was used to estimate the extent of infestation by C. fagisuga or fungal infection.
The qualitative rating system (0 Ð 6) used to evaluate the density (none, low, moderate, or high) and distribution (scattered or uniform) of C. fagisuga and fungal perithecia of Nectria spp. on the bark surface of beech trees in each plot was as follows: 0, no scale or perithecia present; 1, low level and scattered distribution; 2, low level and uniform distribution; 3, moderate level and scattered distribution; 4, moderate level and uniform distribution; 5, high level and scattered distribution; 6, high level and uniform distribution. An expanded description of the qualitative rating system is provided in Table 2 . A rating square (or frame), measuring Ϸ33 by 33 cm and constructed of 13-mm-diameter PVC pipe, was centered at 122 cm above the ground, and the bark surface delineated within the frame was rated as described, based on visual observation of C. fagisuga and/or perithecia of Nectria spp. Ratings for C. fagisuga and Nectria spp. were taken on both the north and south aspects of trees using the rating square as described above, and a visual overall rating was taken around the circumference of each tree from ground level to Ϸ2 m trunk height. Because of low densities relative to C. fagisuga Ratings on the north and south aspects of each tree were assessed using a rating square (33 by 33 cm) centered at 122 cm above the ground and the bark surface within the frame was examined and rated; a visual overall rating was taken around the circumference of each tree from ground level to Ϸ2 m trunk height. Clusters, groupings of scale or fungal perithecia, were measured lengthwise from edge to edge. on individual trees, X. betulae was recorded only as present or absent and was not rated.
To estimate the effect of beech bark disease on trees within plots, tree health was monitored, and trees were recorded as live or dead based on visual examination of the crown and/or limbs. Because sampling was conducted after leaf ßush in the spring and before leaf abscission in the fall, trees without leaves or new buds on bare limbs were classiÞed as dead. Additionally, trees with snapped or damaged tops that exhibited no sign of new growth (leaves or buds) were classiÞed as dead. Because C. fagisuga, X. betulae, and Nectria spp. use only live tissue, dead trees were not rated or sampled for incidence.
Data Analyses. Statistical analyses, including Pearson correlation and forward stepwise logistic regression, were performed using SAS (SAS Institute 1999). Data were analyzed to evaluate associations between C. fagisuga and Nectria spp. by correlating ratings of Nectria spp. with ratings of C. fagisuga from both the previous season and previous year. To evaluate associations with the disease complex organisms and plot characteristics, correlations were made between elevation, average aspect, and dbh and ratings of C. fagisuga and Nectria spp. on each sampling date. Forward stepwise logistic regression was used to select variables signiÞcantly (P ϭ 0.1000) associated with the number of dead American beech trees (i.e., mortality) from spring 1994 to spring 1997 (SAS Institute 1999). Independent variables from which forward stepwise logistic regression selected were elevation, aspect, dbh, the average, summed, and maximum north, south, and overall ratings of C. fagisuga and Nectria spp., and the average, summed, and maximum presence of X. betula. These calculated variables were used to generate the model, because they reßect the cumulative effects of beech bark disease on trees over the duration of the study. Additionally, because trees were categorized as live or dead, the logistic model produced a maximum rescaled R 2 , which was scaled to range from 0 to 1. This maximum rescaled R 2 is interpreted similarly to the conventional R 
Results and Discussion
The ultimate concern of resource managers related to beech bark disease is mortality of beech. During this study, from spring 1994 to spring 1997, overall incidence of C. fagisuga increased from 55.6 to 87.9% on beech trees infested, average overall ratings of C. fagisuga increased from 1.10 to 1.71, and cumulative percent mortality of American beech across all plots because of beech bark disease increased from 16.0 to 26.8%, respectively. Furthermore, ratings of C. fagisuga increased in all plots except Forney Ridge and Fork Ridge, where ratings decreased because of declining tree health and increasing beech mortality (Forney Ridge mortality, 91%; Fork Ridge mortality, 23%). Relatively mild (Ͻ15%) mortality was found in Þve plots (Gregory Bald, Jenkins Knob, Trillium Gap, Indian Gap, and Sweat Heifer) during this study; however, based on the progression of the disease in the northeastern United States, increases in incidence and densities (reßected by average ratings) of C. fagisuga in most plots will likely lead to increased infection by Nectria spp., followed by increased mortality in all plots.
Forward stepwise logistic regression selected average overall ratings of C. fagisuga (P ϭ 0.0793), sum of presence of X. betulae (P ϭ 0.0127), average presence of X. betulae (P ϭ 0.0122), average overall ratings of Nectria spp. (P ϭ 0.0056), maximum presence of X. betulae (P ϭ 0.0117), sum of south ratings of C. fagisuga (P ϭ 0.0058), average south ratings of C. fagisuga (P ϭ 0.0203), and dbh of tree (P ϭ 0.0493) as signiÞcant variables associated with mortality of American beech in all plots from spring 1994 to spring 1997 (Table 3) . This model explains 70.7% (R 2 ϭ 0.7071) of beech tree mortality in plots. The increase of R 2 values as each variable was added to the model shows the associations among C. fagisuga, Nectria spp., X. betulae, and their inßuence on mortality of individual trees (Table  3 ). The positive signiÞcant relationship (slope ϭ 0.0492, P ϭ 0.0493) of dbh in this model supports Þndings by other researchers (Houston 1975 , Mize and Lea 1979 , Gavin and Peart 1993 , Houston 1994 ) that older trees (larger dbh) are more susceptible to beech bark disease. This model also supports the role, albeit minor, of X. betulae as an associate in the beech bark disease complex as suggested by Houston (1975) . Wounds caused by X. betulae also may provide entry sites for Nectria spp. to infect vascular tissues. The added stress exerted by X. betulae may accelerate the inevitable death of the tree because of the major components of the disease complex. The signiÞcant positive inßuence of the average overall ratings of C. fagisuga (P ϭ 0.0793) and Nectria spp. (P ϭ 0.0056) on beech mortality suggests that, as the average overall ratings of C. fagisuga and Nectria spp. increase, mortality of American beech increases. This association is somewhat expected, considering the documented effects of beech bark disease on American beech in the northeastern United States (Ehrlich 1934 , Hepting 1971 , Houston 1975 , Mielke et al. 1982 , Twery and Patterson 1984 , Gavin and Peart 1993 .
The signiÞcant relationship (P ϭ 0.0122) between average presence of X. betulae and beech mortality reßects the wide-scale occurrence of X. betulae on most trees before tree mortality. The signiÞcant negative relationships between the sum (slope ϭ Ϫ2.7028, P ϭ 0.0127) and maximum (slope ϭ Ϫ2.6701, P ϭ 0.0117) presence of X. betulae and beech mortality suggest that the presence of X. betulae decreases as tree mortality increases in a stand (Table 3) . As tree health gradually declines because of beech bark disease, the trees become less suitable hosts for this scale species. Thus, populations of X. betulae (as well as beech scale) begin to decline as the health of the trees declines. This trend is evident at several sites (i.e., Deep Creek, Indian Gap, Sweat Heifer, and Fork Ridge), where the incidence of X. betulae decreased after increased tree mortality.
When correlation analysis was performed among all average ratings of C. fagisuga and ratings of Nectria spp. across all seven sampling dates, several signiÞcant correlation coefÞcients were observed on the last three sampling dates for all ratings of Nectria spp. correlated with all ratings of C. fagisuga from the preceding season and preceding year (Table 4) . By correlating these pairs, the relationship between ratings of C. fagisuga and Nectria spp. the following season and year can be examined. Correlation coefÞ-cients for all signiÞcant pairs ranged between 0.1087 and 0.2576. Ratings of C. fagisuga from both the preceding season and preceding year showed signiÞcant associations with most overall ratings of Nectria spp. from fall 1996 and spring 1997. For ratings of Nectria spp. from spring 1996, only one pair (overall rating of Nectria spp. with overall rating of C. fagisuga from spring 1995) showed signiÞcance (P ϭ 0.0099). By spring 1997, 11 correlated pairs showed signiÞcance (Table 4 ). The increase of signiÞcantly correlated pairs over time shows the negative impact of C. fagisuga on tree health, thereby increasing the treeÕs susceptibility to infection and growth of Nectria spp. These associations correspond to the increase in cumulative percent mortality of beech trees observed across all plots from 1994 (16.0%) to 1997 (26.8%). The subjectiveness of the rating system used to evaluate C. fagisuga and Nectria spp., which qualiÞes rather than quantiÞes their presence on the bark, could account Probabilities: *P Յ 0.05, **P Յ 0.01, ***P Յ 0.001; if no symbol is present, no signiÞcant correlation was found.
for the low values of the signiÞcant correlation coefÞcients. Additionally, while the fruiting bodies (i.e., perithecia) of Nectria spp. indicate the presence of the pathogen, perithecia visible on the bark surface may not necessarily reßect the extent of infection by Nectria spp. under the bark. Direct sampling of woody tissues (either by coring or removing bark) is extremely invasive and would provide additional infection sites for Nectria spp.; thus, visual observations of perithecia are still the preferred method of monitoring the disease pathogen. Correlations among ratings of C. fagisuga and plot characteristics (elevation, average aspect, and dbh) showed several signiÞcant associations. North, south, and overall ratings of C. fagisuga were signiÞcantly correlated on most of the 21 sampling dates with both elevation (20 of 21) and average aspect (18 of 21; Table 5 ). SigniÞcant correlations also were observed between ratings of C. fagisuga and dbh, but on much fewer sampling dates (8 of 21). All signiÞcant correlations with average aspect were negative. These correlations, however, may be a relict of the disease progression in plots. The negative correlation suggests that as degrees of aspect decrease, mortality increases. However, two sites that exhibited low mortality, Gregory Bald and Trillium Gap, had two of the lowest average ratings of C. fagisuga in spring 1997 (0.25 and 1.16, respectively), but their aspects were two of the greatest degrees (358 and 277, respectively; Table 1 ). Coincidentally, these two sites are two of the last sites where C. fagisuga and Nectria spp. were detected. Therefore, the negative correlations between aspect and ratings of C. fagisuga are coincidental, and the length of time that C. fagisuga has been in the plot is the inßuential factor.
As with ratings of C. fagisuga, correlations among ratings of Nectria spp. and plot characteristics (elevation, average aspect, and dbh) also showed signiÞcant associations. North, south, and overall ratings of Nectria spp. were correlated (correlation coefÞcients between 0.100 and 0.290) with elevation on the Þrst three sampling dates (spring 1994, fall 1994, and spring 1995; Table 6 ). Decreased incidence of Nectria spp. over time because of tree mortality may have inßuenced these data, resulting in no signiÞcant correlations for the last two sampling dates. Similar results were found for both C. fagisuga and Nectria spp. when correlated with average aspect and dbh (Tables 5 and 6 ). While several signiÞcant correlations were found, few coefÞcients were Ͼ0.3300. Therefore, while ratings of both C. fagisuga and Nectria spp. may be inßuenced by these factors, the effects are not strong enough to be biologically signiÞcant.
Beech is one of the six most shade-tolerant tree species in cove hardwood forests in the southern Appalachians and can remain a major component of the canopy by capturing single-tree openings formed by a fallen tree (Barden 1980) . In New England, beech tended to increase in proportion to other dominant species in hardwood forests, barring other major disturbances (Twery and Patterson 1984) . However, the composition and structure of forests attacked by beech bark disease are often drastically changed or altered after mortality of beech (Twery and Patterson 1984 , Runkle 1990 , Leak and Smith 1996 , Krasny and DiGregorio 2001 . While potential resistance to beech e Probabilities: *P Յ 0.05, **P Յ 0.01, ***P Յ 0.001; if no symbol is present, no signiÞcant correlation was found.
bark disease has been reported in a few trees in New England (Ͻ1% of observed trees) (Houston 1983) , no known mechanism of resistance has been found Houston 1994, 2000) . Therefore, stands of American beech are not likely to overcome the effects of beech bark disease. In the aftermath of beech bark disease, few beech mature at normal rates, and other tree species, such as eastern hemlock and sugar maple (Acer saccharum Marsh.) in the northeastern United States and red spruce or Þr in the southern Appalachians, eventually become the major component of the forest (Twery and Patterson 1984 , Runkle 1990 , Gavin and Peart 1993 , Leak and Smith 1996 . The loss of a dominant, mast-producing tree species, such as American beech, and its replacement by a nonmast-producing species, such as hemlock, spruce, or Þr, not only affect plant composition of forests, but also may negatively impact the animals that use these trees for both habitat and food. Mixed deciduousconiferous forests containing beech are distinct habitats for avian assemblages, such as hairy woodpecker, brown creeper, and solitary vireo (Thompson and Capen 1988) . As one of the few mast-producing trees at high elevations (Russell 1953 , Whittaker 1956 ), American beech and beechnuts can be substantial components of the winter diets of many animals, including ruffed grouse, wild turkey, northern bobwhite, and black bear (Halls 1977, Beeman and Pelton 1978) .
Few options are available to manage beech bark disease in natural areas. Methods to slow or stop the spread of C. fagisuga and/or Nectria spp. are currently limited to application of insecticides and/or fungicides on stands infested with C. fagisuga or removal of trees affected by beech bark disease. However, neither pesticide applications nor removal of infested or infected trees are acceptable control options in large natural areas (such as the Great Smoky Mountains National Park) because of labor, Þnancial, environmental, and practical constraints. The most desirable option in natural areas for controlling the spread of C. fagisuga, and consequently beech bark disease, would be to identify an indigenous organism that hinders or kills C. fagisuga. Once identiÞed, this organism could be evaluated as a biological control agent of C. fagisuga. Long-term monitoring may result in the discovery of predators, parasitoids, pathogens, or antagonists that may be used in management programs to reduce populations of one or more of the organisms involved in beech bark disease. During research conducted in concert with the research presented in this paper, a potential arthropod predator [Allothrombium mitchelli Davis (Acari: Trombidiidae)] of C. fagisuga was documented (Wiggins et al. 2001) . Little information, however, is available on the role of this predatory mite in the population dynamics of C. fagisuga and the epidemiology of beech bark disease. Further research will better deÞne its suitability as a biological control agent against C. fagisuga. e Probabilities: *P Յ 0.05, **P Յ 0.01, ***P Յ 0.001; if no symbol is present, no signiÞcant correlation was found.
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